Homogeneous, thick silica films composed of fine parti cles were prepared in a short time by using an elec trophoretic deposition technique combined with the sol-gel method. Electrophoretic deposition was car ried out using the silica sols derived from tetraethoxy silane hydrolyzed with water of a variety of pH; EtOH, i-PrOH, and n-PrOH were used as a solvent. In the case of pH=11.7 and a solvent of EtOH, the maximum coating weight was attained at an applied voltage of 140V and the thickness of the film was about 17m. The surface of this coating film was found to be homogeneous and smooth by SEM observation. The coating weight was roughly proportional to the charge density with nearly the same slope independent of the kind of solvents.
Introduction
There are a variety of preparation procedures of oxide films; physical vapor deposition methods like vacuum evaporation and sputtering have widely been used. Those methods which involve a process through the vapor phase sometimes cause a devia tion of chemical composition between the starting materials and resultant films. In addition, those methods require an expensive vacuum apparatus.
The sol-gel method, in which a substrate is im mersed in sols usually prepared from metal-alkoxide solutions and then withdrawn at a constant speed to be coated with a thin film, is one of the excellent tech niques to produce homogeneous ceramic films by use of a quite simple apparatus compared to the physical vapor deposition techniques.1)-3) However, it has been pointed out that the sol-gel method is difficult to produce thick films (>2-3m).
When the thick ness becomes more than 0.2m at one time coating, the films obtained tend to be cracked.
On the other hand, electrophoretic deposition, in which fine particles (0. 2-40m in diameter) in sus pension migrate toward the electrodes to deposit when an electric field is applied across them, is known as one of the preparation procedures for thick films. This technique has widely been applied in vari ous fields, for example preparation of phosphors as a display,4) solid electrolytes for electrochromic display,5) superconductors, 6) and ferroelectric materials.7) The main advantage of the electrophoret ic deposition is the fact that homogeneous thick films can be prepared on various substrates with a com plex shape in much shorter time compared to other film preparation processes. Film thickness can easily be controlled by varying the applied voltage, the elec trophoresis time and the concentration of the suspen sions.
However, the preparation of stable suspensions with fine and uniform particles, which is essential to obtain excellent thick films, is difficult. For example, when raw materials are ground by using a conven tional ball mill, the particles are not uniform, the size distribution is broad, and the smallest particle size is at most 0.2m.
The sol-gel method can produce uniform and spherical particles and also reduce parti cle size limits by more than one order of magnitude (approximately up to 0.01m).8) Finer particles are expected to have more intimate contact to each other and to a substrate, giving a dense and uniform coat ing layer. Although coating techniques combining the sol-gel method with the electrophoretic deposi tion seem very promising to obtain ceramic thick films, there have been few studies on this fascinating subject so far.9)-12)
In this paper, we report the preparation proce dures of homogeneous thick films of silica in a short time by means of an electrophoretic deposition tech nique using uniform particles derived from the sol gel method.
Experimental
Silica sols were produced under the basic condi tions, because silica particles can be formed in the sil ica sols. Reagent grade chemicals of tetraethoxysi lane (Si(OEt)4), ethanol (EtOH), isopropyl alcohol (i-PrOH), n-propyl alcohol (n-PrOH) and ammoni um hydroxide (NH4OH) (Wako Pure Chemical In dustries, Ltd., Osaka, Japan) were used as starting materials. Figure 1 shows the flow chart for the preparation procedure of the silica sols for the elec trophoretic deposition. Si(OEt)4 was diluted with al cohol (EtOH, i-PrOH, or n-PrOH) as a solvent and hydrolyzed with water of a variety of pH which was adjusted with NH4OH. The molar ratios of alcohols and H2O to Si(OEt)4 were both fixed at 10. Two types of aluminum plates were used as coating sub strates. One is a "non-treated" substrate which was only washed with i-PrOH in an ultrasonic bath and the other is an "anodized" substrate; the anodization of the substrates was carried out in the following procedures based on JIS H9500. Aluminum sub strates were cleaned with i-PrOH in an ultrasonic bath and degreased with 15 wt% H2SO4 for 2min at 60. After being rinsed with ion-exchanged water, the substrates were oxidized under a current density of 13mA/cm2 for 30min and then washed with ion exchanged water. Pores of anodized oxide films were not sealed. were placed parallel with a separa tion distance of 1.5cm. The substrates were im mersed in the sol to a depth so as to give 5cm2 of ac tive surface area. A constant DC voltage was applied across the two substrates for 10min by using a pow er supply (Takasago, Ltd., GPV 0650-0.5), causing in the migration of negatively charged colloidal parti cles toward the anode. The voltage, the current, and the number of coulombs consumed were monitored by using an electronic voltmeter (Toa Electronics Ltd., PM-12), an electrometer (Takeda Riken In dustry Co., Ltd., TR-8651), and a coulometer (Nichia, N-CR646), respectively, throughout the electrophoresis process.
Coatings obtained were dried in a desiccator over silica gel for one night before weighing. The weight of coating layers on the aluminum plate anode was measured with a microbalance (Mettler, M5SA) be fore and after coating. A scanning electron micro scope (SEM; JEOL, JSM-5300) was used for the ob servation of film morphology and the estimation of the film thickness.
Results and discussion
We first examined the effect of the pretreatment of Al substrates on the adhesion between the coating films and the substrates. Table 1 lists the maximum weights of the deposited films adhered tightly to the substrates with and without anodization treatments; n-PrOH, i-PrOH and EtOH were used as a solvent. Additional anodization reactions were not observed during electrophoretic deposition in such a basic con dition. In any solvent, the maximum weight of the coating films on the anodized substrates is larger than that on non-pretreated substrates, indicating that the anodization of substrates apparently im proves the adhesion. Such a good adhesion probably relates to the porous structure of the aluminum oxide layers formed on the substrates by anodi zation.13) The anchor effect of these pores may produce the strong mechanical adhesion. Since the anodization of the substrates was found to be effec tive to deposit large amounts of electrophoretic silica coatings on the substrate, we concentrate on the coat ings on the anodized substrates for further discus sion. Figure 3 shows a scanning electron microscope (SEM) photograph of the sectional view of the silica film prepared by using EtOH as a solvent under an applied voltage of 140V; as seen from Table 1 the sil ica film prepared under this condition has the maxi mum weight gain. The SEM photograph shows the three layers, aluminum substrate, silica film, and epoxy resin for embedding the film. The film is ap parently uniform and thick.
The thickness obtained from the photograph and the calculated density of the silica film in addition to the coating weight are listed in Table 2 . The thick ness is about 17m and the calculated density of this film is about 1.6g/cm3. Since the density of silica gel monolith prepared under basic condition was report ed to be about 0.65g/cm3,14) it is concluded that this film is denser than the bulk silica gel produced by the usual sol-gel method. Figure 4 shows the relation between the weight of the coating films and the applied voltage during elec trophoretic deposition for the silica sols with a varie ty of pH (the solvent was EtOH). In this figure, the symbolindicates the voltage at which the elec trophoretic films began to peel off; these voltages were basically reproduced in the present study. The values of the ordinate at 0V mean the weight of the coating films obtained by the dip-coating method. The coating weight is increased with an increase in the applied voltage; the slope becomes steeper when the pH of the sols is increased, although the coating weight by the electrophoretic deposition is almost the same as that by the dip-coating at pH=11.3. The voltage at which the coating films began to peel off depends on the pH of the sols. In the pH range of 11.5-11.7 (open symbols), the limiting voltage is as high as 140V and the maximum coating weight is in creased with an increase in the pH of the sols; when pH=11.7 the weight has the largest values of 2.69 mg/cm2 at 140V. On the other hand, when the pH is larger than 11.7 (solid circles and triangles), the deposited films peeled off at lower voltage of about 60V. Table 2 . Coating Weight, Thickness, and Calculated Density of the Silica Film of which the Sectional View is Shown in Fig. 3 From the SEM observation of the coating films prepared at a variety of pH, it is concluded that the films are basically constructed by aggregated fine particles, of which the size increases with an in crease in pH of the starting sols. This tendency is consistent with the fact that in the sol-gel method the pH increase under basic hydrolysis condition in creases the particle size in sols.15) Since the mobility of the particles in sols generally becomes higher with an increase in the particle size,16) it is understood that the coating weight increases with an increase in pH at a given applied voltage. Peeling off of the coating films occurs at both low er and higher pH than 11.7 in spite of the small weight as shown in Fig. 4 . In other words, peeling off of the coating films occurs easily when the size of particles deposited is too small and too large as seen in Fig. 5 . In the low pH region, the coating films cracked during the drying process and peeled off from the substrates.
The peeling process in both pH regions is ex plained as follows. In drying process of gels the capil lary pressure Cp is produced as represented by Eq. (1) ( 1 ) where is the surface tension of the solvent, is the contact angle of the receding meniscus within the open pore and D is the pore size.1) In the low pH region, the particles are small and therefore the pore size D in the secondary particles is expected to be small. When the pore size D is small, the capillary pressure Cp must become large according to Eq. (1). Since the tensile stress occurs in the surface layer by this capillary pressure Cp, the coating films tend to crack and peel off from the substrates under the low pH condition. Fig. 6 . Weights of the silica films formed by the electrophoretic deposition against the applied voltage. n-PrOH, i-PrOH, and EtOH were used as a solvent. Fig. 7 . Weights of the silica films formed by the electrophoretic deposition against the charge density. n-PrOH, i-PrOH, and EtOH were used as a solvent.
In the high pH region, on the other hand, the coat ing films were almost free from cracks and peeled off at the interface between the films and the substrates. In this case, the films composed of large particles probably have large pores. When the coating films become porous, the contact area between the coating films and the substrates would become small. In other words, adhesion of the coating films to the sub strates become weak, and thus the coating films tend to peel off at the interface between the films and the substrates. The decrease in the anchor effect also must be the factor of peeling off. Figure 6 shows the relationship between the weight of the coating films and the applied voltage during electrophoretic deposition for the silica sols with a variety of solvents; the pH of H2O added was kept constant at 11.7. In this figure, the symbolin dicates the voltage at which the coating films began to peel off, as in the case of Fig. 4 . Different solvents gave different values of, indicating that the ad hesiveness of the films to the substrates depends on the kind of solvents. The use of n-PrOH as a solvent gave the maximum weight of the coating films of 8.32mg/cm2, which was much larger compared to the case for the use of EtOH or i-PrOH. The thick ness of the deposited film prepared using n-PrOH was about 50m from SEM observation of the sec tional view of the film; the density of this film calcu lated is about 1.6g/cm3, which is almost the same as that obtained from EtOH as a solvent (see Table 2 ). Figure 7 shows the relationship between the weight of the coating films and the charge density during electrophoretic deposition for the silica sols; this figure has been drawn by changing the abscissa in Fig. 6 from the applied voltage to the charge densi ty. In all cases of solvents, the coating weight is basi cally proportional to the charge density with nearly the same slope of the plots. Therefore, the coating weight is thought to be mainly determined by the number of coulombs passing across the electrodes during the electrophoresis in any solvent. The rate of electrophoretic deposition is determined to be 7.68 mg/C in the case of n-PrOH used as a solvent.
Conclusions
The coating procedure combining the elec trophoretic deposition with the sol-gel method was found to be useful for the preparation of thick silica films; e.g., the coating weight had a maximum of 2.69mg/cm2, which corresponded to a thickness of 17m, at an applied voltage of 140V when EtOH was used as a solvent and the pH value was 11.7. For all solvents, the maximum coating weight occurred at pH=11.7. The surface of the coating films pre pared using EtOH and water of pH=11.7 was found to have homogeneous and smooth surface because they were made up of spherical microparticles of about 0.1m in diameter. In the pH ranges of 11.3 -11.6, although the surface of the coating films was smooth, the films tended to be cracked. On the other hand, when the pH was larger than 11.7, the coating films, the surface of which was not so smooth, peeled off at lower voltage of about 60V. The adhesion of the films to the substrates and the thickness depend ed on the kind of solvents; the largest thickness of 50m was obtained when n-PrOH was used as a sol vent. In any case of solvents used, the coating weight was roughly proportional to the charge density for the electrophoresis.
This coating technique has also been useful to pre pare thick silica films on a stainless steel substrate with no pretreatments.
The details will be published elsewhere.
